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Abstract 17 
In birds little is known about the hormonal signals that communicate nutritional state 18 
to the brain and regulate appetitive behaviours. In mammals, the peptide hormones 19 
ghrelin and leptin elevate and inhibit consumption and food hoarding, respectively. But 20 
in birds, administration of both ghrelin and leptin inhibit food consumption. The role 21 
of these hormones in the regulation of food hoarding in avian species has not been 22 
examined. To investigate this, we injected wild caught coal tits (Periparus ater) with 23 
leptin, high-dose ghrelin, low-dose ghrelin and a saline control in the laboratory. We 24 
then measured food hoarding and mass gain, as a proxy of food consumption, every 20 25 
mins for two hours post-injection. Both high-dose ghrelin and leptin injections 26 
significantly reduced hoarding and mass gain compared with controls. Our results 27 
provide the first evidence that hoarding behaviour can be reduced by both leptin and 28 
ghrelin in a wild bird. These findings add to evidence that the hormonal control of food 29 
consumption and hoarding in avian species differs from that in mammals. Food 30 
hoarding and consumptive behaviours consistently show the same response to 31 
peripheral signals of nutritional state, suggesting that the hormonal regulation of food 32 
hoarding has evolved from the consumption regulatory system. 33 
 34 
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Introduction 36 
Many animals experience fluctuating environments, where food availability varies 37 
seasonally. To compensate for this, some species have evolved to store food while 38 
availability is high, for later consumption when food is scarce [1]. This behaviour is 39 
called food hoarding or caching and is present in multiple taxa [2,3]. Unlike the neural 40 
mechanisms that enable animals to retrieve food stores [4], comparatively little is 41 
known about the neural and hormonal mechanisms that underpin the motivation to 42 
hoard food [5]. In mammals, the peptide hormones ghrelin and leptin control energy 43 
balance through stimulating and inhibiting food intake, respectively [5,6]. Food 44 
hoarding is likewise regulated in mammals, with ghrelin promoting and leptin 45 
suppressing food hoarding [5]. In birds, the hormonal signals that communicate 46 
nutritional state to the brain and regulate appetitive behaviours are relatively 47 
unexplored. In contrast to mammals, exogenous ghrelin and leptin both inhibit 48 
consumption in birds [7,8], suggesting that the hormonal regulation of consumption 49 
differs between mammals and birds. The role of these hormones in the regulation of 50 
food hoarding in avian species has not been examined. Developing an understanding of 51 
the hormonal regulation of food hoarding in birds would further elucidate the 52 
contrasting regulation of appetitive and consummatory behaviours between mammals 53 
and birds.   54 
 55 
The peptide hormone ghrelin has been identified in a range of avian species, where it 56 
is secreted mainly from the proventriculus, but also several other organs within the 57 
digestive tract [8,9]. While administration of ghrelin in mammals has a stimulatory 58 
effect upon both consumption and food hoarding [5,10–13], in birds central and 59 
peripheral administration of ghrelin predominately inhibits food intake [14–17]. 60 
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However, peripheral injection with low-dose ghrelin has also been shown to increase 61 
food intake in Japanese quail (Coturnix japonica) [17], and food deprivation causes an 62 
increase in circulating ghrelin concentrations in both mammals and birds [11,18]. 63 
Therefore, for the most part ghrelin exerts inhibitory effects upon consumption in birds, 64 
but the relationship between ghrelin, energy management and food intake remains 65 
equivocal (for review see [7]). Whether ghrelin also exerts inhibitory effects upon food 66 
hoarding in birds is still to be investigated.  67 
 68 
In mammals, the peptide hormone leptin plays a significant role in the regulation of 69 
food intake and energy balance [6]. Leptin is predominately released from adipose 70 
tissue in mammals, where it functions as a signal between peripheral lipid stores and 71 
the central nervous system [19]. Both endogenous and exogenous leptin inhibit food 72 
intake, and circulating leptin concentrations are positively correlated with an 73 
individual’s body fat index [5–7]. Leptin also regulates food hoarding motivation in 74 
mammals, where peripheral leptin treatment decreases food hoarding in the Siberian 75 
hamster, (Phodopus sungorus) [20,21]. Similarly in birds, administration of 76 
mammalian and ‘chicken’ leptin inhibits food intake ([22–25] but see [26]). Although 77 
a functional leptin receptor has been unequivocally identified in birds [27,28], ‘chicken’ 78 
leptin was incorrectly claimed to have been cloned [29,30]. In fact, the putative 79 
‘chicken’ leptin protein shares 97% amino acid sequence identity to mammalian leptin 80 
[31,32]. This lead to controversy surrounding the existence of leptin genes in avian 81 
species, and cast doubt on the validity of the behavioural responses to leptin 82 
administration seen in birds [7]. However, leptin genes have now been identified in a 83 
number of avian species [33–37], and synteny analysis has shown that avian leptin is 84 
orthologous to mammalian leptin, despite avian leptin showing limited amino acid 85 
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sequence identity (~30%) to human and mouse leptin [36]. These findings have 86 
resolved the long-standing uncertainly surrounding the existence of leptin genes in 87 
birds [7,35], and suggest that leptin may be a candidate hormone for the regulation 88 
appetitive behaviours in birds.  89 
 90 
The objective of this study was to evaluate the effect of peripheral injection of leptin, 91 
high-dose and low-dose ghrelin upon food hoarding and mass gain in wild caught coal 92 
tits (Periparus ater). The coal tit is a small woodland passerine, resident from northern 93 
Europe to North Africa. Coal tits are a scatter hoarding species, that hoard food 94 
throughout the non-breeding season. Based upon the inhibitory effect of ghrelin upon 95 
consumption in a number of avian species [8,14], and of leptin in a closely related 96 
passerine, the great tit (Parus major) [22], we predicted that both leptin and ghrelin 97 
would reduce food hoarding and food intake relative to a vehicle control.  98 
 99 
Methods 100 
Study subjects and experimental design 101 
In November 2005, free-living coal tits (Periparus ater) of unknown sex and age were 102 
caught in mist-nets in Northumberland, UK (n = 9). Birds were then transported to light 103 
and temperature controlled indoor aviaries at Newcastle University, UK. Birds were 104 
housed individually in cages (85 x 45 x 95 cm), which were positioned so that birds had 105 
visual, but not physical contact. Prior to the experiment, birds were provided daily with 106 
ad-lib water and a diet of mixed seeds and nuts, wax moths, mealworms, and a scoop 107 
of EMP/Universal bird mix. Birds were maintained on winter-like conditions; 8:16 hour 108 
light:dark cycle, and at a temperature of 14-19°C, to promote hoarding behaviour 109 
[38,39]. To further promote hoarding behaviour, in April 2006 two weeks before the 110 
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beginning of the experiment, birds were provided with an unpredictable food supply of 111 
sunflower seeds, which they had ad-lib access to for approximately 40% of their 112 
daylight hours, while food was removed for the remaining 60%. 113 
 114 
A repeated measures design was used to investigate whether injection with leptin (10μg, 115 
630pmol), high-dose ghrelin (ghrelin-H, 0.78μg, 250pmol) or low-dose ghrelin 116 
(ghrelin-L, 0.16μg, 50pmol) affected hoarding behaviour and mass gain relative to 117 
control treatment (saline injection). These dosages were based on previous work 118 
involving manipulation of ghrelin and leptin in domestic and wild birds [9,17,18, 28, 119 
33]. Three birds received an injection on a given day, and each bird had a two-day break 120 
between injections. The order of the injections was randomized across birds. Leptin 121 
(mouse) was purchased from Protein Laboratories Rehovot, Ltd. (Israel), and ghrelin 122 
(chicken, unacylated) was provided by HK, National Cardiovascular Centre Research 123 
Institute, Osaka, Japan. Ghrelin and leptin standards were dissolved into 0.05ml of 124 
0.75% PBS (pH 7.8). Treatment solutions were made prior to the beginning of the 125 
experiment and frozen. They were then thawed immediately before injection. 126 
 127 
Birds were injected into the pectoral muscle just before lights on in the morning. They 128 
were then placed back in their individual cages and provided with 50 sunflower seeds 129 
and 20 peanut halves within 5 minutes. To provide hoarding sites, wooden blocks with 130 
~100 holes (0.5 x 1cm) were also placed into cages. To measure hoarding activity, the 131 
number of hoarded items was counted every 20 minutes for two hours (six-time points). 132 
To do this, all food and hoards were removed every 20 minutes. Food was then replaced 133 
prior to the next 20 min period. If other areas of the cage in addition to the wooden 134 
blocks, such as water bottles or under the cage floor lining, were used to hoard items 135 
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those were also counted. To measure mass, we used automated balances (Ohaus, Scout 136 
Pro 200) attached to the highest perch in each cage. This allowed body mass to be 137 
measured automatically each time a bird landed on the perch. The data collected from 138 
the electronic balances was noisy as birds moved and landed on the perches. Therefore, 139 
the data had to be cleaned prior to analysis. Initially all data outside the range of 6-10 140 
g was discarded as unrealistic. Next, we calculated an average based upon the first 5 141 
readings per 20 min interval and used this to either include or exclude the next value 142 
dependent on whether it deviated by more than 10% in either direction. Then a new 143 
average was calculated which included the 5 most recent accepted mass readings. This 144 
procedure was used throughout the data set with the moving average allowing for trends 145 
throughout the experiment. Both mass and the number of food hoards were recorded 146 
for 2 hours post injection.  147 
 148 
Statistical analyses 149 
To investigate whether hormone treatment influenced hoarding behaviour and mass 150 
gain we used Linear Mixed Models (LMMs), with bird ID as a random factor to avoid 151 
pseudoreplication. For analysis, we used both accumulative hoarding and mass gain 152 
over the two hours, and total hoards and average mass gain per 20 mins. We fitted full 153 
models with hormone treatment, time, and treatment*time interaction; P values 154 
reported are from full models. As hoarding was a count we used a Poisson error 155 
structure. Overdispersion was not deemed a problem as the residual mean deviance 156 
(residual deviance/residual d.f.) was ≤1.7 [41]. All analyses were run in R v. 2.12.2, 157 
GLMMs and post-hoc Tukey tests were run using the lme4 and multcomp packages 158 
[42].  159 
 160 
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Results 161 
Hormone treatment and time post-injection had a significant effect upon accumulative 162 
food hoards and mass gain (Figure 1a & 2a, LMM: Hoards: treatment; χ2 = 18.1, P < 163 
0.001, time; χ2 = 109.1, P < 0.001, Mass: treatment; χ2 = 111.3, P < 0.001, time; χ2 = 164 
98.1, P < 0.001). But the interaction between time and treatment was insignificant for 165 
both accumulative food hoards and mass gain (Hoards: treatment*time; χ2 = 7.9, P = 166 
0.93, Mass: treatment*time; χ2 = 7.6, P = 0.94). Post-hoc analysis revealed that 167 
injection with ghrelin-H and leptin caused coal tits to hoard fewer items, and reduced 168 
mass gain compared with the saline control (figure 1a & 2a, table 1). Injection with 169 
ghrelin-L did not affect hoarding or mass gain relative to control injection (figure 1a & 170 
2a, table 1). 171 
 172 
When we looked at the number of food items hoarded, and mass gain within each 20min 173 
period, we found that the effect of hormone treatment differed between the time points, 174 
as shown by significant interactions between treatment x time (Hoards; χ2 = 35.4, P < 175 
0.01, Mass; χ2 = 35.4, P < 0.01). To investigate this, we looked at the effect of the 176 
hormone treatment within each time point. Injection with ghrelin-H and leptin caused 177 
coal tits to hoard fewer items than the saline control at 80-120 min post-injection (figure 178 
1b, table 2). Injection with ghrelin-L caused coal tits to hoard more items than the saline 179 
control at 60 min post-injection only (figure 1b, table 2). Ghrelin-H and leptin caused 180 
coal tits to gain less mass compared with controls at 20-40 min post-injection (figure 181 
2b, table 2). Injection with ghrelin-L did not cause mass to differ from controls at any 182 
time point. 183 
 184 
Discussion 185 
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To our knowledge, this study is the first to show that both leptin and ghrelin regulate 186 
food hoarding and mass gain in a wild bird. As both leptin and ghrelin reduce food 187 
hoarding and mass gain, these results further demonstrate that food hoarding and food 188 
intake are under different hormonal regulation in birds compared with mammals, where 189 
ghrelin elevates and leptin inhibits consumption and food hoarding, respectively [5]. 190 
While there have been mixed results concerning the effects of ghrelin upon 191 
consumption in birds, our results add weight to the majority of studies that show ghrelin 192 
has a inhibitory effect upon food intake [8]. Low-dose ghrelin did not affect mass gain 193 
relative to controls, which suggests that the dose-dependent effects of peripherally 194 
injected ghrelin upon consumption previously reported may not be consistent across 195 
avian species [17]. However, low-dose ghrelin did increase hoarding at a single time 196 
point relative to controls. Therefore, further investigation of the ghrelin-food hoarding 197 
dose-response curve is warranted. 198 
 199 
Importantly, to validate the role of ghrelin in hoarding behaviour, future studies would 200 
benefit from measuring circulating ghrelin during high hoarding motivation and 201 
validating whether exogenous manipulation results in physiologically relevant 202 
increases. However, this is complicated by the fact that ghrelin occurs in two forms, 203 
acylated and unacylated (des-acyl: lacking the octanoyl modification at the serine-3). 204 
Acylated ghrelin was used in this study, but there are mixed results concerning the 205 
influence of acylated and unacylated ghrelin upon consumption in birds. Central and 206 
peripheral administration of acylated ghrelin reduces food intake in chickens [8,16]. In 207 
layer chicks, central injection of unacylated ghrelin did not affect food intake [43]. 208 
However, in the garden warbler (Sylvia borin) acylated ghrelin did not affect behaviour, 209 
while unacylated ghrelin reduced food intake and increased migratory restlessness [14]. 210 
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The biological function of acylated and unacylated ghrelin is also unclear in mammals, 211 
where unacylated ghrelin can inhibit or stimulate food intake, and the two molecular 212 
forms of ghrelin may regulate appetite through distinct receptors [44–46]. In humans, 213 
acylated ghrelin is found at lower concentrations than unacylated ghrelin in the 214 
bloodstream [47]. This is because acylated ghrelin binds to the ghrelin receptor in 215 
tissues [47], and is rapidly unacylated in the circulation [48,49]. Furthermore, there is 216 
currently no method to measure circulating concentrations of unacylated ghrelin in 217 
birds [14]. Therefore, how exogenous manipulation of ghrelin influences circulating 218 
unacylated ghrelin is unknown, making it difficult to assess the role of acylated and 219 
unacylated ghrelin in the regulation of appetitive behaviours in birds. 220 
 221 
The neural regulation of appetite is highly conserved across vertebrate species [50,51]. 222 
However, how hormonal signals communicate nutritional state to the brain differs 223 
between birds and mammals. The peptide neurotransmitter, neuropeptide Y (NPY) 224 
mediates the orexigenic effects of ghrelin in rodents [52]. But in birds, hypothalamic 225 
NPY expression is unaffected by central injection of ghrelin [53]. Rather in neonatal 226 
broiler chicks, central injection of ghrelin elevates plasma corticosterone [53]. This 227 
effect was attenuated if astressin, a receptor antagonist for corticotropin-releasing factor 228 
(CRF) was co-injected with ghrelin [53]. As CRF suppresses food intake in birds [54], 229 
it has been hypothesized that ghrelin may exert its effects upon consumption through 230 
CRF, which activates the hypothalamic-pituitary-adrenal (HPA) axis to release 231 
corticosterone from the adrenal glands. Therefore, the inhibitory effects of ghrelin upon 232 
consumption and food hoarding may be regulated through corticosterone elevation. 233 
This is contrary to evidence that elevated corticosterone enhances food hoarding in wild 234 
birds [55]. Importantly, CRF is not the only hypothalamic stimulator of the HPA axis, 235 
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therefore CRF could be acting independently on food intake. Overall, further studies in 236 
wild birds that investigate the role of ghrelin and the HPA axis upon hoarding behaviour 237 
will be worthwhile. 238 
 239 
Coal tits made fewer hoards and gained less mass when injected with leptin relative to 240 
controls. This is consistent with results from hamster species, domesticated and wild 241 
birds, where peripheral injection with mammalian leptin causes a reduction in 242 
consumption [20–25]. To date, the only hormone that has been shown to influence the 243 
motivation to hoard in birds has been corticosterone [55]. Chronic moderate increases 244 
of corticosterone increase food consumption, food hoarding and cache retrieval 245 
efficiency [1,55]. Both leptin and leptin receptors (LEPR) are expressed in the pituitary 246 
and adrenal gland in birds, suggesting that leptin has a role in the stress response and 247 
glucocorticoid production [35]. In mammals, the adrenal gland is implicated in the 248 
leptin response though the HPA axis [56] and by local secretion of leptin from fat 249 
deposits surrounding the adrenal [57]. Therefore, leptin may act through similar circuits 250 
in birds and mammals [35]. 251 
 252 
In both birds and mammals, expression of NPY and agouti-related protein (AgRP) in 253 
neurons within the arcuate nucleus (Arc) of the hypothalamus are elevated in response 254 
to food deprivation, and stimulate food intake [7]. Whereas, satiety stimulates 255 
expression of pro-opiomelanocortin (POMC) in a different population of Arc neurons. 256 
The catabolic effects of POMC are in part caused by stimulating release of -257 
melanocyte-stimulating hormone (-MSH) from the anterior pituitary, and its 258 
subsequent binding to melanocortin-4 receptors (MC4R) [50]. AgRP has opposing 259 
effects to POMC, as it acts as a competitive antagonist with -MSH on MC4Rs, thereby 260 
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stimulating food intake [50,51]. In young domestic broiler chickens mammalian leptin 261 
does not influence hypothalamic expression of AgRP and POMC, as it does in 262 
mammals [58]. Rather, leptin decreased expression of hypothalamic NPY and MC4R, 263 
indicating leptin may act directly upon MCRs to regulate food intake in birds [58]. The 264 
pattern of leptin and LEPR expression across tissues also differs in birds compared with 265 
mammals. Specifically, leptin is not predominately expressed in adipose tissue, as it is 266 
in mammals [57]. Also, as mentioned above LEPRs are expressed predominately in the 267 
pituitary in birds [34–36]. This is in contrast to mammals, where the hypothalamus is 268 
the main site of LEPR expression [35,59]. Furthermore, in a range of bird species leptin 269 
has not been detected in the serum, and the expression level of leptin and LEPR show 270 
a strong correlation across tissues [28,35,60]. These findings have led to the suggestion 271 
that leptin has a more paracrine than endocrine role in birds [7,35,36]. Therefore, it is 272 
possible there is an additional mechanism that stimulates local leptin action in the brain 273 
and peripheral tissues. Importantly, the systemic administration of leptin used in this 274 
study will have triggered LEPRs and shows leptin regulates feeding and hoarding 275 
behaviour, but cannot confirm if leptin acts as a hormone in birds. Due to the relatively 276 
recent discovery of leptin genes in bird species, further studies are required to 277 
investigate how avian leptin peripherally and centrally acts to influence appetitive 278 
behaviours in birds [7,36].  279 
 280 
Crucially, the most abundant avian LEPR isoform is orthologous to a mammalian LEPR 281 
isoform [7,28], and mammalian leptins activate chicken LEPR cell-line reporter 282 
systems [28]. This indicates that the tertiary structure needed to activate the receptor is 283 
conserved between mammalian and avian leptin proteins [61]. Therefore, although 284 
there is ~30% amino acid sequence identity between mammalian and avian leptins, 285 
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administration of mammalian leptin likely acts through the avian LEPR, making our 286 
behavioural results biologically relevant. However, to validate the role of leptin in 287 
appetitive behaviours, future studies would benefit from using recombinant avian leptin 288 
for manipulations [7]. 289 
 290 
The time frame over which ghrelin and leptin exerted their effects differed between 291 
food hoarding and mass gain. Leptin and high-dose ghrelin injection reduced mass gain 292 
relative to controls at 20-40 min post-injection, while their effects upon food hoarding 293 
were significant 80-120 min post-injection. Similarly in great tits (Parus major), 294 
control birds initially feed at a higher rate after a night’s fast, whereas leptin injection 295 
caused an immediate reduction in food intake at lights-on [22]. The rapid effects of 296 
peripheral leptin injection upon food intake have also been observed in domesticated 297 
chickens [24]. The temporal lag found between the suppression of mass gain and that 298 
of hoarding, could be explained if the regulation of hoarding behaviour is 299 
physiologically downstream to that of mass gain [19]. Interestingly, in the food 300 
hoarding Siberian hamster, the neural circuits that control food intake are also activated 301 
more rapidly than those that influence food hoarding, and different brain areas are 302 
activated during consumption compared with hoarding behaviour [62]. The similarity 303 
of our results suggests that the neural substrates that control consumption, may also 304 
differ to those that regulate food hoarding in birds. But the brain regions that regulate 305 
food hoarding in birds are yet to be established. Alternatively, as birds spend 306 
proportionally more time feeding relative to hoarding initially after lights-on, perhaps 307 
their tendency for immediate mass gain influenced our results [63].  308 
 309 
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We have shown that short-term food hoarding is influenced by leptin and ghrelin. 310 
However, food hoarding Parids also show a seasonal hoarding peak in autumn, in 311 
addition to continued low level hoarding throughout winter [1,3]. Unpredictable food, 312 
photoperiod and low temperatures have all been shown to stimulate food hoarding in 313 
small birds and mammals [1,64]. In autumn food is relatively abundant, but there is also 314 
shortening day length and decreasing temperatures. Both short days and low 315 
temperatures can increase energetic requirements, by decreasing foraging time and 316 
increasing costs of thermoregulation [64]. Therefore, it is possible that peripheral 317 
signals of energetic deficit regulate hoarding year-round. If so, hoarding behaviour is 318 
more prevalent in autumn than in winter due to high hoarding motivation combined 319 
with relatively high food availability. In winter, energetic deficit and motivation to 320 
hoard would be higher, but low food availability and shorter daylength prevent 321 
increased food hoarding. Interestingly, leptin could also regulate increased hoarding in 322 
response to cold temperatures. Chronically cold-exposed Siberian hamsters fed ad 323 
libitum overeat and have reduced circulating leptin concentrations [64]. However, 324 
additional hormonal signals may also regulate hoarding behaviour. For example, short-325 
day increases in food intake and food hoarding in Syrian hamsters (Mesocricetus 326 
auratus) are dependent on an intact pineal gland and thus melatonin, as removal of the 327 
pineal gland blocks these behavioural responses [65]. Overall, it is likely that multiple 328 
environmental factors interact with physiological signals to stimulate seasonal variation 329 
in hoarding behaviour. 330 
 331 
Our study adds to evidence that the hormonal control of consumption and hoarding in 332 
avian species differs from that in mammals. There is mounting evidence that food 333 
hoarding and consumptive behaviours consistently show the same response to leptin 334 
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and ghrelin [5,66]. This suggests that the hormonal regulation of hoarding behaviour 335 
has evolved from the consumption regulatory system. Therefore, the evolutionary 336 
emergence of food-hoarding behaviour provides an opportunity to understand how 337 
existing physiological mechanisms can be modified to control a behaviour. Studying a 338 
convergent behaviour between mammals and birds will further elucidate the 339 
mechanisms that regulate appetite.   340 
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 Table 1. Results of Tukey tests investigating effects of injection with ghrelin-high, ghrelin-341 
low or leptin, compared with saline control, upon accumulative hoarding and mass gain in coal 342 
tits. LMMs control for time post injection. Values in bold denotes significance at P < 0.001. 343 
 344 
	 1	
 
 Accumulative hoards  Accumulative mass gain 
   
Hormone 
Treatment 
Est. Std. 
Error 
z P Est. Std. 
Error 
t P 
         
Ghrelin high -0.22 0.04 -5.35 <0.001 -0.09 0.02 -4.89 <0.001 
Ghrelin low 0.04 0.04 0.96 0.77 0.04 0.02 2.26 0.11 
Leptin -0.34 0.04 -8.06 <0.001 -0.13 0.02 -6.93 <0.001 
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Table 2. Results from LMMs, comparing number of hoards and mean mass in coal tits, after 345 
injection with ghrelin-high, ghrelin-low or leptin, compared with saline control, at six-time 346 
points post-injection (20-120 mins). Values in bold denotes significance at P < 0.05, * denotes 347 
marginally non-significant trend P = 0.05. 348 
  349 
	 1	
 
 Number of hoards  Mean mass 
Time    
Treatment Est. Std. 
Error 
z P  Est. Std. 
Error 
t P 
20          
Ghrelin high -0.08 0.15 -0.53 0.60  -0.09 0.03 2.57 0.02 
Ghrelin low -0.08 0.15 -0.53 0.60  0.02 0.03 0.57 0.58 
Leptin -0.28 0.16 -1.73 0.08  -0.10 0.03 3.00 0.01 
40          
Ghrelin high -0.21 0.19 -1.11 0.27  -0.05 0.02 -2.30 0.03 
Ghrelin low -0.12 0.18 -0.64 0.53  0.02 0.02 0.89 0.39 
Leptin -0.29 0.19 -1.51 0.13  -0.07 0.02 -3.21 0.005 
60          
Ghrelin high -0.17 0.26 -0.65 0.51  -0.02 0.03 -0.72 0.48 
Ghrelin low 0.68 0.22 3.12 0.002  -0.03 0.03 -1.09 0.29 
Leptin 0.06 0.25 0.25 0.80  -0.06 0.03 -2.14 0.05* 
80          
Ghrelin high -0.44 0.20 -2.22 0.03  0.02 0.02 1.27 0.22 
Ghrelin low -0.02 0.18 -0.09 0.93  0.02 0.02 1.40 0.18 
Leptin -0.90 0.23 -3.87 <0.001  0.01 0.02 0.54 0.60 
100          
Ghrelin high -0.06 0.24 -2.61 0.01  0.01 0.02 0.02 0.98 
Ghrelin low 0.06 0.20 0.30 0.77  0.01 0.02 0.40 0.69 
Leptin -0.46 0.23 -1.99 0.05*  -0.01 0.02 -0.43 0.67 
120          
Ghrelin high -0.73 0.25 -2.95 <0.001  0.02 0.02 1.02 0.32 
Ghrelin low -0.01 0.20 0.00 0.99  0.02 0.02 1.02 0.32 
Leptin -1.01 0.28 -5.84 <0.001  0.01 0.02 0.01 0.99 
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 350 
Figure 1. a) The accumulative number of food hoards, and b) the number of food hoards every 351 
20 mins, 2 hours after injection with ghrelin-H, ghrelin-L, leptin or saline control in coal tits. 352 
Graph displays mean & SE (n = 9). 353 
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 355 
Figure 2. a) The accumulative mass gain, and b) mass gain every 20 mins, 2 hours after 356 
injection with ghrelin-H, ghrelin-L, leptin or saline control in coal tits. Graph displays mean & 357 
SE (n = 9). 358 
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